This article is devoted to the study of peristaltic transport of a Carreau fluid in a vertical annulus under the consideration of long wavelength. The flow is investigated in a wave frame of reference moving with the velocity of the wave. Exact solutions have been evaluated for temperature and concentration field, while approximated analytical and numerical solutions are found for the velocity field using (i) the perturbation method and (ii) the shooting method. The effects of various emerging parameters are investigated graphically.
Introduction
Peristalsis is an important mechanism for transporting fluids. The word peristalsis comes from the Greek word peristalikos, which means clasping and compressing. Peristaltic transport is a form of fluid transport induced by a progressive wave of area contraction or expansion along the length of a distensible tube containing fluids. In physiology, peristalsis used by the body to propel or mix the contents of a tube as in ureter, gastro-intestinal tract, bile duct, and other glandular ducts. Some worms use peristalsis as a means of locomotion. Peristalsis mechanism has attracted the attention of many researcher's since the first investigation of Latham [1] . A number of exact, analytical, and numerical studies of peristaltic transport for Newtonian and nonNewtonian fluids have been investigated in references [2 -9] .
In the literature, numerous studies regarding peristaltic motion have been done for Newtonian fluids. But such approach fails to give proper understanding of peristalsis in blood vessels, chyme movement in intestine, semen transport in ductus afferents of male reproductive tract, and transport of spermatozoa in cervical canal. In these body organs, the fluid viscosity varies across the thickness of the duct. Most of the physiological fluid do not behave like a Newtonian fluid in reality. Limited studies [10 -16] are available in literature for peristalsis involving non-Newtonian fluids.
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To the best of our knowledge only one article [17] exist in peristaltic literature which studies the peristaltic flow in connection with mixed convection heat and mass transfer. Mixed convection is the combination of free convection and forced convection. Free convection is occurred due to temperature difference in a fluid at different locations, while forced convection is the flow of heat due to some externally applied forces.
Keeping in mind the importance of peristaltic mechanism in connection with mixed convection heat and mass transfer, we present the effects of mixed convection heat and mass transfer on peristaltic flow of a Carreau fluid in a vertical annulus. Exact solutions have been calculated for energy and concentration while analytical and numerical solutions have been presented for the velocity profile. At the end of the article graphical results have been presented for various parameter of interest.
Mathematical Model
For an incompressible fluid the balance of mass and momentum are given by
where ρ is the density, V is the velocity vector, −PI is the spherical part of the stress due to constraint of incompressibility,τ τ τ i j is the Cauchy stress tensor, f re-presents the specific body force and d/dt represents the material time derivative. The constitutive equation for a Carreau fluid is given by [2] (
in whichτ τ τ i j is the extra stress tensor, η ∞ is the infinite shear rate viscosity, η 0 is the zero shear rate viscosity, Γ is the time constant, n is the power law index, anḋ γ is defined aṡ
Here Π Π Π is the second invariant strain tensor.
Mathematical Formulation
Let us consider the peristaltic flow of an incompressible Carreau fluid in a vertical annulus. The inner tube is rigid and maintained at temperatureT 1 , the outer tube has a sinusoidal wave travelling down its walls and maintained at temperatureT 0 . The geometry of the wall surface is defined as
where a 1 is the radius of the inner tube, a 2 is the radius of the outer tube at inlet, b is the wave amplitude, λ is the wavelength, c the wave speed, andt the time (see Fig. 1 ). The governing equations of Carreau fluid along with heat and mass transfer are 
In the above equations,P is the pressure,Ū,W are the velocity components in the radial and axial directions, respectively,T is the temperature,C is the concentration of the fluid,T 0 is the constant temperature of the inner tube,C 0 is the constant concentration of inner tube, ρ is the density, k denotes the thermal conductivity, c p is the specific heat at constant pressure, T m is the temperature of the medium, D is the coefficients of mass diffusivity, K T is the thermal-diffusion ratio.
In the fixed coordinates (R,Z), the flow between the two tubes is unsteady. It becomes steady in a wave frame (r,z) moving with the same speed as the wave moves in theZ-direction. The transformations between the two frames arē
whereū andw are the velocities in the wave frame.
The appropriate boundary conditions in the wave frame are of the following form:
We introduce the dimensionless variables
in which R and Z are the dimensionless form of radial and transverse components, respectively, Sr is the Soret number, Sc Schmidt number, Br is the local concentration Grashof number, Gr is the local temperature Grashof number, and We is the Weissenberg number. Making use of (13) and (15), (9) to (12) take the form
where
Here δ , Re represent the wave and the Reynolds numbers, respectively. Under the assumptions of long wavelength δ 1 and low Reynolds number, i. e. neglecting the terms of order δ and higher, (17) to (20) take the form
The corresponding boundary conditions are
Solution of the Problem
Solving (24) and (25) subject to the boundary conditions (26c) to (26f), we obtain the expression for temperature and concentration field as follows:
+ a 17 ln r + a 18 .
(28)
Perturbation Solution
To get the solution of (23), we employ the regular perturbation. For the perturbation solution, we expand w, Q, and P as
The perturbation results for small parameter We 2 satisfying the conditions (26a) and (26b) for velocity fields and pressure gradient can be written as 
The pressure rise ∆P and the friction force F on inner and outer tubes, F (0) , F (i) , are given by
where dP dz is defined in (31). The dimensionless expressions for the five considered wave forms are given by the following equations:
1. Sinusoidal wave:
2. Triangular wave:
3. Square wave:
Trapezoidal wave:
r 2 (z) = 1+φ 32 π 2 ∞ ∑ n=1 sin π 8 (2n − 1) (2n − 1) 2 sin(2π(2n−1)z) .
Multi sinusoidal wave:
h(z) = 1 + φ sin(2mπz).
Numerical Solution
The present problem consisting of (23) and (26) is also solved numerically by employing the shooting method. The numerical results are compared with the perturbation results (see Fig. 2 and Table 1 ).
Numerical Results and Discussion
In this section we present the solution for the Carreau fluid graphically. The expression for pressure rise ∆P is calculated numerically using mathematics Table. 1. Shows numerical values of comparison of axial velocity for perturbation and numerical solutions when ε = 0.1, We = 0.1, z = 0.1, dP/dz = 0.3, φ = 0.3, Sr = 0.5, Sc = 0.3, β = 0.08, Gr = 0.02, Br = 0.01, n = 0.1. Figure 15 is prepared to see the behaviour of different wave forms on pressure rise. It is analyzed that a square wave has the best pumping characteristics while a triangular wave has the worst pumping characteristics. Effects of temperature profile are shown through Figure 25 shows the streamlines for different wave forms. It is observed that the size of the trapped bolus in a triangular wave is small as compared with the other wave forms.
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Appendix
a 11 = 4(ln(r 1 ) − ln(r 2 )), 
